Social isolation and poor sleep quality are independent predictors of poor health outcomes and increased biological risk for disease. We previously found in a small sample of older women that the presence of social ties compensated for poor sleep in associations with the inflammatory protein interleukin 6 (IL-6). The current study extended those findings to a national sample of middle-aged and older men and women. Using both subjective and objective sleep assessments, we found that in men, but not in women, social engagement moderated the association of subjective sleep complaints with both IL-6 and the soluble adhesion molecule E-selectin. Social engagement also moderated the link between sleep efficiency-assessed by actigraphy-and IL-6 levels in men, but not in women. These results extend our previous work and bolster the suggestion that positive psychological functioning may compensate for other risk factors in predicting advantageous profiles of biological risk in aging adults.
Introduction
Circulating levels of inflammatory proteins, which have been cross-sectionally and prospectively linked to a range of disease conditions, [1] [2] [3] are influenced by myriad social, psychological, and behavioral factors. Studies documenting these relationships typically focus on the independent association of one or more of these determinants with inflammatory proteins. None of these determinants exists in isolation of the others, however, and it is therefore important to consider the ways in which they may interact in predicting inflammation. This study weaves together three separate lines of inquiry involving sleep and social factors and examines the points at which they intersect in their associations with inflammation.
First, studies using multiple assessment techniques and approaches have established robust links between sleep and inflammation. Major depression, for example, is often associated with increased circulating levels of inflammatory proteins 4, 5 and significantly impaired sleep, 6 and recent evidence suggests that impaired sleep may be a better predictor of inflammation than the presence or absence of major depression. 7 Similarly, adults with excessive daytime sleepiness have higher circulating levels of IL-6 than those with better sleep. 8 Experimental studies involving sleep restriction report higher levels of IL-6 9,10 along with increased expression of genes linked to increased inflammation. 11 In community dwelling adults, poor sleep is associated with higher circulating levels of IL-6 12 and with increased release of inflammatory proteins from stimulated lymphocytes. 13 Collectively, these results show that impaired or curtailed sleep, achieved either naturally or experimentally, predict higher circulating levels of inflammatory proteins.
The second line of inquiry focuses on the association of social well-being and inflammation. Isolation from social contact has been linked with increased risk of mortality in epidemiological studies [14] [15] [16] and with impaired host defense in experimental studies. 17 Recent evidence suggests that loneliness is associated with increased activity in genetic pathways regulating the production of inflammatory proteins, such as NF-B. 18 A complementary literature has shown that strong social relationships in women with ovarian cancer 19 and social engagement in older community dwelling women 20 predict lower levels of IL-6. These studies suggest that social ties are important predictors of inflammation; the latter studies in particular suggest that high levels of social well-being may have compensatory properties, predicting lower levels of inflammation in those at risk of greater inflammation due to illness or advancing age.
Finally, recent studies from Cacioppo et al. suggest associations between social relationships and sleep. Specifically, individuals who report high levels of loneliness also had reduced sleep efficiency as assessed by self report 21 or using the Nightcap sleep system. 22 Another study using daily diary assessments showed that loneliness predicted impaired daytime functioning independently of the amount of sleep the prior night. 23 One hypothesis stemming from this work is that loneliness is evolutionarily linked to feelings of vulnerability, one result being increased nighttime vigilance, which in turn reduces the restorative quality of sleep. 24 These three lines of inquiry converge on the hypothesis that sleep and social relationships, which are independently linked to inflammation and to one another, may interact in predicting inflammation. We tested this hypothesis in a sample of older women living in Wisconsin, and we found that while greater sleep efficiency and higher levels of social engagement independently predicted lower levels of IL-6, the presence of one compensated for the lack of the other; the only women in the sample at risk of higher levels of IL-6 were those with low sleep efficiency and low social engagement. 25 We now extend this research to a national sample of middle-aged and older men and women-the Survey of Mid-Life in the United States (MIDUS) 26 -that combines measures of subjective and objective sleep quality. We also extend these analyses with measurement of E-selectin, a soluble adhesion molecule that, like IL-6, is implicated in age-related morbidity, especially cardiovascular disease, [27] [28] [29] [30] and is elevated by reduced sleep related to sleep apnea 31 and experimental sleep deprivation. 32 We hypothesized that poor sleep quality would predict higher levels of IL-6 and E-selectin, while greater social engagement would predict lower levels. More centrally, we hypothesized that sleep quality and social engagement would interact so that higher levels of social engagement would compensate for poor sleep quality-and vice versa-in predicting inflammation. Finally, as noted below, we observed significant differences between men and women in sleep, inflammation, and their interaction. Therefore, consistent with other studies examining links between social factors and inflammation, 33 we conducted separate analyses for men and women.
Methods

Participants
The Survey of MIDUS comprises a national probability sample of noninstitutionalized Englishspeaking adults (N = 3,487) living in the coterminus United States and recruited by random digit dialing (RDD). A sample of monozygotic and dizygotic twin pairs (N = 1,914) was also recruited from a national twin registry. A follow-up study was completed 9-10 years later (MIDUS 2). Mortalityadjusted retention from the original study was 75%. All respondents completed telephone interviews and self-administered questionnaires. An oversample of African American adults living in the Milwaukee County (N = 592) was added at MIDUS 2. They completed in-person interviews and selfadministered questionnaires.
A subsample of MIDUS 2 respondents (N = 1,229) participated in a detailed clinic-based assessment of health, disease-related biomarkers, and physiologic function ("biomarker sample"). Participation in the biomarker sample was open to all MIDUS 2 respondents who had completed the interviews and self-administered questionnaires and were willing to travel to a General Clinical Research Center (GCRC) for an overnight stay. Compared to the full MIDUS 2 sample, the biomarker sample was more likely to have graduated from a fouryear college and less likely to smoke, but they were similar to MIDUS 2 respondents on all other demographic and health characteristics. 34 Although inclusion of respondents from the twins sample has not influenced the results of previous analyses involving MIDUS data, 35 we accounted for possible effects of genetic and familial relatedness among the twins here by including a variable indicating twin status in all analyses.
Three regional GCRCs participated in the MIDUS biomarker study-one on the West coast, one in the Midwest, and one on the East coastand participants were invited to stay overnight at whichever GCRC imposed the least travel burden.
At the GCRC, each respondent provided a detailed medical history interview with a clinician and completed a set of self-administered questionnaires. Participants were also asked to bring all current medications with them, and these were inventoried by project staff. Fasting blood samples were obtained the next morning between 8:00 AM and 10:00 AM. Serum was isolated from all samples, aliquoted, frozen at -80
• C, shipped on dry ice to the appropriate laboratory, and stored at -80
• C for assay. Participants at the Midwest regional GCRC were further invited to participate in a sleep study, which involved wearing an actigraphy watch for seven consecutive nights once they returned to their own homes.
Collection of data for MIDUS 2 and analysis of those data for the current study were both approved by the Health Sciences Institutional Review Board at the University of Wisconsin-Madison.
Chronic conditions
Participants indicated whether they had received a physician diagnosis for any of 12 chronic conditions, including autoimmune disorders, cardiovascular and cerebrovascular disease, hypertension, arthritis, asthma, diabetes, gastrointestinal diseases, liver disease, and cancer. From these responses, an index of chronic disease burden was constructed with responses ranging from 0 to 12. A continuous variable indicating total burden of chronic conditions was used in all analyses.
Inflammatory proteins
Serum IL-6 and E-selectin from fasting blood samples were measured using high-sensitivity enzymelinked immunosorbent assay according to manufacturer guidelines (R&D Systems, Minneapolis, MN). The laboratory intra-and inter-assay coefficients of variance for both proteins were in acceptable ranges (<10%). The distribution for IL-6 was positively skewed, and data were ln-transformed for statistical analyses. Due to missing data, analyses for IL-6 involved 988 participants, while those for E-selectin involved 987 participants (one E-selectin value that exceeded two standard deviations from the mean was dropped from analyses).
Social well-being
Assessments of social well-being were based on responses to the positive relations with others sevenitem subscale from Ryff's Psychological Well-Being (PWB) inventory. 36 Examples of items from this scale include "I know that I can trust my friends, and they know they can trust me" and "Maintaining close relationships has been difficult and frustrating for me" (reverse scored). Internal validity was 0.78.
Hedonic well-being
Positive affect was measured using the High Positive Affect sub-scale from the Mood and Anxiety Symptom Questionnaire (MASQ). 37, 38 Here, respondents are asked to indicate how much in the past week they felt or experienced 14 items (e.g., felt cheerful, felt optimistic) using a five-point scale (1 = not at all; 5 = extremely). Internal validity (determined from the biomarker sample) was 0.93 for the positive affect scale.
A negative affect was assessed using the Depressive Symptoms sub-scale from the MASQ. Here, respondents are asked to indicate how much in the past week they felt or experienced 12 items (e.g., felt hopeless, felt sluggish or tired) using the same fivepoint scale as for positive affect. Internal validity for the depressive symptoms subscale was 0.90 for the biomarker sample.
The life satisfaction variable was a composite of items asking respondents to rate their health, work situation, relationship with spouse/partner, relationship with children, and life overall (1 = worst possible; 10 = best possible). Internal validity for this measure was 0.65 for the MIDUS 2 sample.
While measures of hedonic well-being and illbeing were of interest in their own right, in order to determine independent associations between different domains of psychological functioning and inflammation, we also included them in analyses focused on eudaimonic well-being (and vice versa).
Subjective sleep quality
Questionnaires completed during the overnight clinic stay included the Pittsburgh Sleep Quality Index (PSQI). 39, 40 The PSQI, a widely used instrument for the evaluation of sleep quality and sleep pathology, consists of seven component scores-subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbance, and use of sleep medication-that are aggregated into a global score with a range of 0-21. Global scores in excess of five are considered indicative of sleep pathology, 
Actigraphy
Actigraphy data were collected from MIDUS 2 respondents who stayed at the GCRC at the University of Wisconsin-Madison (N = 440) using wrist actigraphs (Mini Mitter, Bend, OR, USA). Respondents began recording at 7:00 AM on the first Tuesday morning after the GCRC visit and continued for seven consecutive nights. Counts of movements were collected in 30 sec epochs. Respondents used an event marker on the actiwatch to indicate when they started trying to fall asleep (bedtime) and when they arose in the morning (rise time). They also recorded bedtime and rise time using a sleep diary. Upon return of the actiwatches to MIDUS project staff, manufacturer algorithms for detecting sleep activity were applied, and several dimensions of sleep were derived from the activity data, including total sleep time (total amount of time asleep during period from bedtime to rise time), latency to sleep onset (time from bedtime to first sleep bout), and sleep efficiency (percent of time asleep between bedtime and rise time). The values for sleep duration and sleep efficiency were normally distributed, but because of a strong positive skew, values for sleep latency were ln-transformed for analyses.
Covariates
In addition to age, marital status, and race, analyses controlled for the following.
Education. As part of the telephone interview, participants were asked their highest level of educational attainment. Responses were grouped into 12 categories ranging from "no school/some grade school" to "PhD, MD, JD, or other professional degree." This 12-category variable was included in all analyses. 
Statistical analyses
Preliminary analyses indicated significant ageadjusted gender differences in subjective sleep quality and actigraphic sleep assessments-women reported poorer subjective sleep but higher levels of sleep efficiency-and circulating levels of E-selectin were higher in men. Moreover, regression analyses adjusting for age and race showed significant interactions between gender and sleep in predicting inflammatory markers. For these reasons, we report results of analyses stratified by gender as well as for the full sample. Although there were racial differences in some parameters, we did not observe interactions with race, so we did not stratify the sample by race. Multivariate linear regression models were used to estimate the independent and interactive associations of sleep and positive relations with others with inflammatory proteinsseparate models were estimated for subjective and objective sleep assessments and for IL-6 and Eselectin. In each set of analyses, the initial model examined direct and interactive associations of the sleep parameter and positive relations adjusting for age, gender, race, and educational attainment. The subsequent full model added adjustments for health status, health behavior, and positive and negative affect. The threshold for identifying statistically significant associations was set at ␣ = 0.05.
Results
Descriptive statistics for all variables are shown in Table 1 ; results for men and women are shown separately. Men and women differed significantly on most measures, with the exception of IL-6, depressive symptoms, exercise, BMI, and use of blood pressure medication. Bivariate associations among key variables in men and women are shown in Table 2 . Higher PSQI global scores, indicating poorer subjective sleep quality, were associated with shorter actigraphic sleep duration in women, greater sleep latency, and reduced sleep efficiency. Higher global scores also predicted higher levels of both IL-6 and E-selectin. Greater sleep duration and sleep efficiency and shorter sleep latencies predicted lower levels of IL-6 in women, but not in men; greater sleep efficiency also predicted lower E-selectin levels in women. Finally, higher scores on positive relations with others predicted lower levels of IL-6 and E-selectin in women, but not in men. Tables 3 and 4 display the results of multivariate regression analyses involving PSQI global scores. In men, but not in women, PSQI global scores and its interaction with positive relations with others were significantly associated with IL-6 ( Table 3 ) and Eselectin (Table 4 ) in the base model adjusting for demographic characteristics (model 1) and the full model adjusting for health status, health behavior, and positive and negative affect (model 2). In particular, the interaction showed that as subjective sleep quality declined (higher PSQI scores), IL-6 and Eselectin levels were less likely to rise in men reporting higher positive relations scores (Figs. 1 and 2 ). Positive relations with others was positively associated with IL-6 and E-selectin in men but only after the interaction term was included in the model, suggesting a complex relationship among these predictor variables.
Subjective sleep quality
Objective sleep quality
In men, sleep efficiency was unrelated to IL-6 in the model adjusting for demographic characteristics and positive relations with others (␤ = -0.09, P = 0.27), but it became a significant predictor after the inclusion of the interaction term (␤ = -0.80, P < 0.05) and remained significantly associated with IL-6 in the full model (␤ = -0.90, P < 0.05). The sleep efficiency X-positive relations interaction was marginally significant in the model adjusting for demographic characteristics (␤ = 1.14, P = 0.07), and this association became statistically significant in the full model (␤ = 1.42, P < 0.05; Table 5 ). As shown graphically in Figure 3 , as sleep efficiency declined, IL-6 tended to increase, but this increase is more pronounced in men with low positive relations scores. In women, sleep efficiency was significantly associated with IL-6 in the base model (␤ = -0.14, P < 0.05), but not after adjustments for health status, health behavior, and positive and negative affect (␤ = -0.01, P = 0.95). The sleep efficiency X-positive relations interaction was not a significant predictor of IL-6 in women in either the base model (␤ = -0.55, P = 0.41) or the full model (␤ = -0.33, P = 0.56; Table 3) .
Results for E-selectin analyses in men showed that positive relations with others (␤ = -0.02, (Table 3) is illustrated here using the top ("high relations") and bottom ("low relations") tertiles of scores from the positive relations scale. P = 0.97), sleep efficiency (␤ = -0.09, P = 0.82), and the interaction with positive relations (␤ = -0.01, P = 0.99) were not significantly associated with Eselectin in the base model, and these associations did not change with inclusion of health status, health behavior, and affect variables (data not shown).
Sleep efficiency was marginally associated (␤ = -0.13, P = 0.07) and positive relations with others was significantly associated (␤ = -0.14, P < 0.05) with E-selectin levels in women after adjusting for demographic characteristics, but not in the full model (sleep efficiency: ␤ = 0.01, P = 1.00; (Table 4) is illustrated here using the top ("high relations") and bottom ("low relations") tertiles of scores from the positive relations scale.
positive relations: ␤ = -0.09, P = 0.20). The interaction term was not significantly associated with E-selectin (␤ = -0.58, P = 0.46; data not shown).
Neither sleep duration nor its interaction with positive relations with others was significantly associated with IL-6 in men (duration: ␤ = 0.02, P = 0.79; duration X-positive relations: ␤ = 0.48, P = 0.47) or in women (duration: ␤ = -0.05, P = 0.46; duration X-positive relations: ␤ = -0.68, P = 0.19). The same was true for E-selectin in men (duration: ␤ = -0.12, P = 0.18; duration X-positive relations: ␤ = 0.92, P = 0.16) and in women (duration: ␤ = -0.06, P = 0.39; duration X-positive relations: ␤ = 0.56, P = 0.32; data not shown).
Sleep latency was not significantly associated with IL-6 in men (␤ = 0.05, P = 0.55), and the interaction with positive relations with others was approaching significance (␤ = -0.69, P < 0.10). In women, greater sleep latency predicted higher levels of IL-6 (␤ = 0.14, P < 0.05), but the interaction with positive relations was not significant (␤ = -0.20, P = 0.67). E-selectin in men and women was unrelated to sleep latency (men: ␤ = -0.05, P = 0.58; women: ␤ = 0.06, P = 0.40) or to the interaction with positive relations with others (men: ␤ = 0.66, P = 0.13; women: ␤ = -0.15, P = 0.77; data not shown). 
Discussion
The central hypothesis of the current study was that sleep quality and social well-being would interact in predicting inflammation in a national sample of middle-aged men and women. The results provide support for this hypothesis. The association between subjective sleep quality and inflammation was (Table 5) is illustrated here using the top ("high relations") and bottom ("low relations") tertiles of scores from the positive relations scale.
significantly weaker in male participants with higher scores on the positive relations with others scale. Positive relations with others also moderated the association of objectively assessed sleep efficiency and IL-6. We previously reported that positive relations with others moderated the relationship between sleep efficiency, assessed using the Nightcap system, and IL-6 in older women. 25 We observed the same pattern of results in the current study in additional analyses of women over the age of 60, although the results were not statistically significant (data not shown). In sum, the current results extend our earlier work to a national sample, and they suggest that across a 50-year age range, social engagement may buffer against the proinflammatory effects of poor sleep (and good sleep may compensate for low levels of social engagement), particularly in men.
As expected, poorer subjective sleep quality, as measured by the PSQI, predicted higher levels of both IL-6 and E-selectin in men and women. A number of studies have reported links between poor subjective sleep quality and higher circulating levels of inflammatory proteins, 13, 45, 46 but to the best of our knowledge, this study is the first to document this association in a national sample with broad demographic representation. These associations were also independent of an array of health status and health behavior measures, including factors that are strongly linked to inflammation, such as obesity. 47, 48 Subjective sleep quality is thus an important independent predictor of biological processes related to age-related disease.
In the subsample that provided actigraphy data, longer sleep durations, shorter latencies to fall asleep, and greater sleep efficiency all predicted lower levels of IL-6 in women, but not in men, in bivariate analyses; greater sleep efficiency was also associated with lower levels of E-selectin in women. In multivariate analyses, however, only sleep efficiency continued to predict IL-6 and E-selectin after adjustments for demographic characteristics, and those associations were eliminated by further adjustment for health status and health behavior. Age is the most likely factor to account for the sleep duration and sleep latency results. IL-6 in particular rises with age, 1 and older adults typically sleep less than younger adults. 49 Age thus represents a likely confound for these associations. With regard to sleep efficiency, obesity was the strongest predictor of both IL-6 and E-selectin among the health status variables, and as it is strongly linked to disturbed sleep, particularly due to increased risk of sleep apnea, 50 obesity is the most likely mediator of the association between sleep efficiency and inflammation. It is worth noting that the relationship between sleep efficiency and inflammation was the most robust of the actigraphic measures. This is consistent with the research on sleep and loneliness, which centers on differences in sleep quality without differences in sleep quantity, 24 and with other lines of work examining the links among social factors, sleep, and health more broadly. 51 We also found in bivariate analyses that greater subjective sleep quality, greater sleep efficiency, and reduced sleep latency in men were all associated with greater social engagement. These complement earlier studies reporting poorer sleep in young and older adults with higher levels of loneliness, [21] [22] [23] and suggest that the link between sleep and social contact may involve not merely the presence or absence of loneliness but also the presence or absence of high levels of social engagement. There is rising interest in the positive end of the spectrum of psychological functioning, including flourishing, and the extent to which positive functioning is an independent predictor of mental and physical health above and beyond the lack of negative functioning. 52 Nevertheless, this relationship was not a central focus of the current study, and the extent to which these associations are explained by other factors, such as demographic characteristics of health-related variables, remains to be determined.
There were marked gender differences in sleep quality and inflammation in the MIDUS sample, and this is consistent with a number of earlier studies. Women typically have a greater number of subjective sleep complaints than men, but when sleep quality is assessed objectively using polysomnography or actigraphy, women are often found to sleep better than men. 49, [53] [54] [55] Indeed, while women had significantly higher PSQI scores in the current study, indicating greater sleep pathology, actigraphic assessments showed that compared to men, women took less time to fall asleep, slept longer, and slept for a greater proportion of the night. Men in this sample also had higher levels of E-selectin than women, and this is consistent with other studies. 27, 56 Interestingly, while bivariate analyses showed that better subjective and objective sleep quality was more likely to predict lower levels of IL-6 and E-selectin in women, the moderating effect of social engagement on the link between sleep quality and inflammation was apparent only in men. The reasons for this pattern of results are not clear. In some instances, links between psychosocial factors and health are stronger in women. 46 On the other hand, there is scant literature on interactive associations among psychological and behavioral factors in predicting inflammation. The current results are similar to those from an earlier study in which exposure to chronic discrimination was linked to higher levels of E-selectin in men from the MIDUS study in spite of the fact that women reported greater exposure to discriminatory treatment. 35 Interpretation of these results should be tempered by several limitations of the study. First and foremost, these analyses are cross-sectional, so it is not possible to determine the causal association among the key variables. This is particularly relevant for the link between sleep and inflammation, as inflammatory proteins such as IL-6 are known to impair sleep 57 and increase fatigue. 58, 59 In addition, while this sample was racially diverse, much of that diversity comes from a regional sample of African Americans, and there may be differences between this sample and those from other regions of the country. Finally, inflammatory proteins were only assessed once, which, given variability in their levels within individuals, might produce inaccurate estimates of each person's circulating levels. Nevertheless, such variability would be expected to reduce the likelihood of detecting associations, meaning that the strength of the relationships observed may be underestimated.
In spite of these limitations, the present study adds to the literature on links between sleep and inflammation, social engagement and inflammation, and social engagement and sleep. It also extends our earlier work on interactive associations between sleep and social engagement to a national sample of middle-aged and older adults. These findings underscore the importance of considering the ways in which factors in multiple domains of experience within the same individual interact to affect biological processes related to health. They also highlight the role of positive psychological functioning in the maintenance of advantageous profiles of biological risk as well as the ways in which positive functioning may compensate for the presence of other risk factors.
